Development and application of the Data Envelopment Analysis (DEA) method, have been the subject of numerous reviews. In this paper, we consider the papers that apply DEA methods specifically to financial services, or which use financial services data to experiment with a newly introduced DEA model. We examine 620 papers published in journals indexed in the Web of Science database, from 1985 to April 2016. We analyse the sample applying citations network analysis. This paper investigates the DEA method and its applications in financial services. We analyse the diffusion of DEA in three sub-samples: (1) banking groups, (2) money market funds, and (3) insurance groups by identifying the main paths, that is, the main flows of the ideas underlying each area of research. This allows us to highlight the main approaches, models and efficiency types used in each research areas. No unique methodological preference emerges within these areas.
cross-efficiency and ranking, network DEA, dynamic DEA and Slack Based Models (SBM) used in DEA, over the period 2000-2014. The group of more specific reviews includes surveys of DEA applications to specific fields. Zhou et al. (2008) review the use of DEA in the fields of energy and the environment. Hollingsworth et al. (1999) examine work on the application of DEA to hospitals and the wider general health care context. Some works investigate the implications of frontier efficiency measurements (both parametric and non-parametric) in various fields. For instance, Hollingsworth (2003) presents the methods used in analyses and practical applications of measurement techniques (DEA and SFA). Oum et al. (1999) and Gonzalez and Tujillo (2009) review efficiency measurement studies in respectively rail transport and ports. Worthington (2004) provides a comprehensive review of the implications of frontier efficiency measurements applied to health care in 2004.
The DEA model has proven successful in banking and much of the theoretical work on DEA uses the banking industry as an example to illustrate the numerical or experimental results of new techniques. Berger et al. (1993) reviews studies of efficiency in financial institutions and possible improvements. Berger and Humphrey (1997) review 130 studies on the application of frontier efficiency to financial institutions in 21 countries. Thanassoulis (1999) discusses application of DEA in the banking industry. Fethi and Pasiouras (2010) provide a survey of over 196 studies of operational research and artificial intelligence techniques used to evaluate banks' performance.
The most recently published survey on the efficiency and performance of financial institutions is by Paradi and Zhu (2013) , which reviews DEA applications in 80 bank branches. These specific surveys do not adopt quantitative methods, such as citations network analysis, to analyse a large sample of papers. Also, existing reviews refer to a narrow stratum of the financial services sector.
We complement the citations network analyses with a qualitative investigation of the most relevant papers identified. We highlight the different models and potential applications of DEA in three wide strata of the financial sector -banking, insurance and money market funds. Our analysis covers a long-time period and provides an overview of the most recent applications and methodological advancements in DEA in financial services. Using data from ISI Web of Science (WoS) academic database of financial institutions, we contribute to research on DEA efficiency along several dimensions.
First, we examine a large set of financial institutions. Following Berger and Humphrey's (1997) survey on the efficiency of financial institutions, there have been numerous studies of financial institution efficiency, including analyses of insurance companies, money market fund providers and brokerage firms. However, the practicality of adopting of DEA to evaluate the efficiency of complex financial institutions warrants some further investigation necessary. Second, since Berger et al. (1993) , most reviews focus only on the banking or only on the insurance industry. This makes a comprehensive survey of DEA applications in financial services timely and valuable. Third, Liu et al.'s (2013) review focuses on DEA applications and ranks DEA-application in the banking field.
The banking, finance and insurance sectors constitute around 12.5% of all DEA applicationembedded papers in their study, which is higher than for other fields. Thus, a review that focuses only on DEA application in the financial service sector should be useful.
To deal with the numerous works on DEA published since 1978, we adopt a network-based approach. We analyse the use of DEA in financial institutions by investigating the main networks of collaboration among researchers active in this sector and provide a snapshot of the main flows of ideas characterizing studies of DEA in financial institutions.
Data and methods
The study of citations to documents has a long tradition. Since the work of Garfield et al. (1964) , the study of citations to scientific publications has received increasing attention from network analysts, and the network analysis literature includes a growing number of contributions on identification of the so called main path, that is, the main flow of ideas underlying the field of analysis (Necmi Kemal Avkiran and Alpert 2015; Nerur et al. 2008; Whitley and Galliers 2007) ; technological developments and trajectories in various scientific fields (Barberá-Tomás et al. 2011; Bekkers and Martinelli 2012; Bhupatiraju et al. 2012; Breschi and Lissoni 2003; Epicoco 2013; Fontana et al. 2009; Martinelli 2012; Mina et al. 2007) ; and emerging knowledge trends within disciplines (Ding et al. 2013; Emrouznejad and Marra 2014; Fan et al. 2014; Lampe and Hilgers 2014 ; J. S. Rotolo et al. 2013) . Network analysis assumes that, in a citations network (see Figure 1 ), document B cites document A, in other words, B relies on A to some extent. Thus, citations can be considered a proxy for knowledge flows. Note that the arrows in Figure 1 indicate the citing direction, present to past. The direction of knowledge flows from past to present if a paper published in the past affects subsequent papers. Lucio-Arias and Leydesdorff (2008) point out that: 'This reflects the diffusion of knowledge claims from an original document to documents published thereafter'. In a citations network the startpoint (initial unit) s is a vertex with zero indegree, that is, no arc ends in that vertex, and the endpoint (target unit) t is a vertex with zero outdegree, that is no arc starts in that vertex. In Figure 1 , vertices J, I, C are startpoints, while A is an endpoint. The traversal weight of an arc or a vertex is the proportion of all paths between the startpoint and the endpoint that contain this arc or vertex.
Figure 1. Example of a citations network
Our methodology draws on Hummon and Doreain (1989) and Batagelj (2003) . The former proposed an innovation in citations analysis consisting of an approach in which the connective threads running through the network are preserved, and the focus is on the network links rather than the network nodes. Hummon and Doreain's approach to the analysis of connectivity is to focus on sequences of links and nodes or search paths. They propose two algorithms -Search Path Link Count (SPLC) and Search Path Node Pair (SPNP) -which represent a simple way of measuring the importance of a link. SPLC is a simple way of measuring the importance of a link and implies specification of the following concepts. SPLC consists of how many times one arc lies on all possible search paths between all startpoint nodes and endpoint nodes. It is based on counting the number of times a link is traversed by all possible search paths. In Figure 1 the citation arc DA obtains a SPLC value of 3. There are three possible search paths (JA; IA; CA). Arc 'DA' lies on these three. SPNP accounts for all connected node pairs along the search paths, and assigns to each arc the product of the number of its upstream and downstream vertices, thus, an arc in the middle will receive a higher value. The logic underlying SPNP is that citation arcs responsible for connecting higher numbers of nodes contain the most significant knowledge flows in the citations network. In Figure 1 the value of SPNP of arc 'DE' is the result of the product of 8 upstream vertices (D, B, C, H, F, G, I, J) to 2 downstream vertices (A, E), (8x2=16). Batagelj's (2003) elaboration of the search path count (SPC) algorithm is considered the best development of Hummon and Doreain's algorithms originally applied to a small citations network which reconstructs the main path in the network of citations between scientific papers leading to the discovery of DNA. Batagelj (2003) also suggests applying the Critical Path Method (CPM) to the network. CPM comes from operational research and can be used to detect the main path in a citations network. CPM determines the s-t path with the maximal value of the sum of weights of the arcs in the path and provides a visual display of broader longitudinal connectivity than the SPC output (Kejžar et al. 2010) . Thus, the CPM algorithm is expected to capture the foundations of the field of analysis under investigation, in our case DEA and financial services. Data are analysed using Pajek (Nooy et al. 2005) and HisCite (Garfield 2009 ) software 2 .
The data are taken from the WoS database, which is a recognized, comprehensive, academic database covering over 10,000 high impact journals and over 120,000 proceedings of international conference, and is a valuable resource for scholars dealing with quantitative and citation-based studies. Data were retrieved using two groups of keywords combined using the search operators 'AND' and 'OR' within the WoS database. The first group was aimed at identifying the field of DEA. We searched for 'DEA', 'Data Envelopment Analysis', 'Malmquist index/indices', 'Total factor productivity', 'non-parametric efficiency' and 'nonparametric efficiency', and 'meta-frontier' and 'metafrontier'. We also searched for another group of terms, aimed at identifying papers dealing only with the area of financial service. We categorized the financial services sector according to four groups for which we used relevant keywords. The banking industry keywords are: 'banking', 'banks', 'financial institutions', 'micro-finance institutions', 'credit unions', 'financial holding companies (FHC)', 'banking holding companies (BHC)', 'loan and deposit companies', 'financial innovation systems', and 'mortgage loan companies'. Only 10% of the papers in this group were related to keywords other than bank and banking. The keywords for money market funds are 'investment funds', 'mutual fund', 'hedge funds', 'Real Estate Investment Trust (REITs)','private equity funds', and 'commodity index/indices'. The keywords for insurance industry are: 'insurance firms', 'pension funds', 'Takaful firm', 'compensation company' and 'property liability insurance'. We identified the main path within each thematic group using the CPM algorithm.
The advantage of a network based approach survey over the previous literature review approaches is that it identifies papers that play a vital role in the development of field using citations data. It presents how knowledge in a specific filed has been disseminated. Main path traces the development path of knowledge.
We manually retrieved some papers that were included in previous reviews, but were not identified by our search in WoS. We scrutinized each paper to ensure its relation to DEA and financial institutions, resulting in a final sample of 620 works published between 1985 and April 2016. Based on identification using keywords, banking group is the largest group with 514 papers.
Insurance group includes 59 papers and money market funds has the smallest number of papers at 47. This study focuses only on papers that apply non-parametric frontier studies, specifically DEA, in financial services. We consider both methodology-oriented papers, which employ empirical examples in the financial services sector, and application-oriented papers, but exclude purely DEA methodology-oriented papers (for instance : Banker et al, 1984; Cooper et al., 2007) . The yearly distribution of papers is depicted in Figure 2 , which shows a peak in 2010 corresponding to 65 published papers. The lower value in 2016 is because data collection covered only the first four months of 2016 when only 11 papers had been published. The highest number of papers was published in the European Journal of Operational Research (62) followed by Journal of Banking and Finance (48) and Omega (34) ( Table 1) . Tables 1 presents the top 20 ranked journals based on their Total Local Citation Score (TLCS), which is the number of times the journal's papers included in this collection were cited by other papers in the collection. We also show the Total Global Citation Score (TGCS), which refers to how many times the journal's papers were cited in the entire WoS database. In our case the two scores allow a better understanding of the importance of the journal within DEA and financial services, and also general interest in DEA and financial services per se. 
Geographical Distribution
In this section, in order to study the wide application of DEA in financial services, we explore the papers in each sub-sample based on four groups -single country studies, two-country studies, economic or geographical region studies, and global studies. Table 2 illustrates the geographical distribution of banking group papers. Table 2 shows that although 55 countries feature in various single-country studies, a disproportionately large number of studies is focused on just a few countries. For instance, the single-country studies show that the three most frequent countries (US, Taiwan and China) account for 41% of all the studies conducted, with the remaining 52 countries cumulatively accounting for just 59%. This might point indirectly to the fact that it is in these countries that DEA is most often employed in the banking sector.
Meanwhile, the study covering the largest number of countries is Hauner (2008) , which studies the impact of credit to government on banking sector efficiency for 142 countries. We observe also that DEA has been applied extensively in the banking industry globally -evidenced by the fact that 142 individual countries are covered in these studies. Table 3 shows the geographical distribution of money market group papers. Table 3 also presents a skewed ratio, with 55% of the papers distributed between just China and the US for the single-country studies. A quarter of all papers, globally, is focussed on US money market funds, which is to be expected since it is an old and well-established market. However, there are only two papers on application of DEA in the UK, another well-developed, but apparently understudied market. Table 4 presents the geographical distribution of insurance group papers. In line with the trend observed in the Tables 2 and 3 , again the US, Taiwan and China have the largest number of papers on application of DEA in the insurance industry. Note also that in this industry, DEA application has been studied in a multi-country context, for example, including the BRIC, Islamic and EU countries.
Main Path
In this section, we describe the main trajectories of DEA developments in financial services based on two individual main paths: banking group and money market fund group. The nodes are papers and the arrows show the direction of the knowledge flows. Each of the papers in the figures is indicated by first author name and date of publication. For example, the paper by Sherman and Gold (1985) is indicated as 'Sherman1985'.
Banking main path
Figure 3 depicts the main path for the banking group, which includes 514 papers, 33 of which are located on the main path.
Figure 3. Banking main path
The first paper on the main path, which is the first published paper on the application of DEA in the banking sector is Sherman1985 Sherman and Gold (1985) . It evaluates the operating efficiency of a set of 14 branches of a US savings bank. Two main streams originate from Sherman1985. While the right stream focuses mostly on DEA banking papers at country level, the left stream includes mainly DEA banking papers at bank branch level.
The left stream, Vassiloglou1990 (Vassiloglou and Giokas 1990) , presents a systematic application of DEA to assess the relative efficiency of the branches of the Commercial Bank of Greece.
Giokas1991 ( Berger et al. (1992) to characterize the productivity differences among banks in the Nordic countries, by studying their productivity differences relative to the respective national best practice frontier. Two streams originate from this node -a left-right stream and a right-right stream. The left-right stream begins with Berg1993 and is followed by Athanassopoulos1998 (Athanassopoulos 1998) and evaluates the efficiency of 580 branches of a commercial bank in the UK, distinguishing between market and cost efficiencies.
In the next paper, Camanho1999 (Camanho et al. 1999) The main path is followed by Juo2012 (Juo et al. 2012) , which presents a non-oriented SBM to decompose the change in operating profits into a technical change effect and a profit efficiency effect. To illustrate their application of the approach, they examine a panel of 37 Taiwanese banks over 1994 -2002 . Yang2013 (Yang and Morita 2013 combines DEA with Nash Bargaining Game (NBG) theory and proposes a method to select an appropriate scheme to improve the efficiency of a bank based on multiple perspectives. The method is applied to a set of 65 Japanese banks.
Kao2014 (Kao and Liu 2014 ) use a relational network mode to illustrate the idea of multi-period efficiency measurements. After Kao2014, the main path diverges into two single-paper streams:
these are the papers at the end of path, published more recently. Avkiran2015 (Avkiran 2015) illustrates Table 5 provides a better understanding of the main characteristics of each paper in the main route by analysing the studies on the main path, based on description of the study sample, select inputs and outputs, and the model and DEA extensions. Table 5 shows out of 33 papers, on the main path 13 papers are branch-level studies and the others are bank-level studies. With the exception of Berg1993 and Thanassoulis1999, which study multi-country banking industry efficiency, the remaining papers focus on single-country data. Barros, Managi, and Matousek (2012) have studied the largest number of DMUs while Kirkwood2006 (Kirkwood & Nahm, 2006) and Siriopoulos2010 (Siriopoulos & Tziogkidis, 2010) study the smallest number of DMUs. Some authors have contributed more than one paper to the main path. Avkiran is the author of five papers on the path and Berg, Camanho and Paradi are first authors of two papers each, on the main path. 19 out of 33 papers on the main path apply an intermediation approach to the evaluation of evaluating DMUs, which shows the wide use of this approach compared to alternatives. Figure 4 depicts the main path of the money market funds group. This path starts with a paper by Murthi1997 (Murthi et al. 1997) , which introduces a new index to measure the performance of fund portfolios. There are two frequently used indices for assessing portfolio performance, Jensen's alpha (Jensen 1968 ) and the Sharpe index (Sharpe 1966) . Murthi1997 proposes the DEA Portfolio Efficiency Index (DPEI) to address some additional issues. The authors compare the DPEI to traditional indices, applying them to 2,083 mutual funds in the third quarter of 1993. They also use 33 categories of funds, and evaluate DPEI to study the sources of variation in the means of DPEI across different categories, employing regression analysis.
Money market fund main path Figure 4. Money market funds main path
Basso2001 (Basso and Funari 2001) is the next paper on the main path. There are four papers by Basso2001 on the main path, which is indicative of the significance of their work in the literature.
Basso2001 defines new mutual fund performance indexes. Applying DEA allows these new indexes to take account of several inputs and outputs not considered by the traditional indexes.
They apply their new model to 47 different classes of Italian mutual funds (stock funds, balanced funds and bonds funds) from January 1997 to end June 1999.
The main path then divides into two streams. We start with left stream, which begins with Basso2003 (Basso and Funari 2003) . This paper presents a few models for measuring the performance of ethical mutual funds to consider their ethical components, expected returns, investment risk and subscription and redemption costs. The next two papers are Lozano2008 (Lozano & Gutiérrez, 2008) , in the right-hand stream, and Glawischnig2010 (Glawischnig and Sommersguter-Reichmann 2010) , in the left hand stream. Both provide critiques of DEA-based performance indexes to measure alternative investment fund performance. Although this new DEA-based performance index has the advantage that it considers multiple inputs (risk) and multiple outputs (returns), the author shows that this single real number performance index does not include all the relevant information, overlooking, for instance, the amount of inefficiency in the factors, the importance of reference funds, and the endogenously derived weights. The authors show that a DEA-based index cannot replace financial performance indexes; however, these types of indexes provide new insights into the performance measurement of alternative investment funds. The paper by Kerstens2011 (Kerstens et al. 2011 ) is motivated by specification issues surrounding applications of non-parametric frontier models, for measuring the performance of show that, with adequate data sets, the classic DEA model can be an effective tool to compute the portfolio efficiency in their performance assessments. This study confirms the effectiveness and practicality of the DEA method for assessing portfolio efficiency. The far left stream includes Brandouy2015 (Brandouy et al. 2015) , which conducts a three part analysis to compare recent convex and non-convex frontier mutual fund rating models to traditional models. The authors conclude that frontier-based mutual fund ratings allow the design of investment policies which
give better performance and which are more coherent and consistent compared to traditional financial performance measures.
These three short streams merge in Branda2016 (Branda 2016) , which introduces a new diversification-consistent DEA model based on directional distance measure, and proposes reformulations under distributional assumptions, which allow efficient problem solving using second-order cone and mixed-integer linear programming. By considering inputs as value at risk on several levels, this diversification allows for risk-shaping based on multi-objective optimization and Pareto-Koopmans efficiency. The proposed model is an appropriate normal and finite discrete distribution of returns from a feasibility, optimal solutions and reformulations perspectives. Table 6 summarizes the 15 papers on the main path in the money market group. Table 3 presents the geographical distribution of the money market papers. Four out of ten papers on the main path are by Basso and Funari (2003; 2001 , 2014a , 2014b . Most of the papers on the money market main path apply DEA to propose a new index to measure the performance of money market funds especially mutual funds. The various papers on the money market funds main path focus only on mutual funds. Basso and Funari make the biggest contribution to the papers on the main path (4 out of 10 papers). The largest number of observations (2,083) is for the paper by Murthi et al. (1997) , which studies the DPEI of US mutual fund for one quarter of 1993. Table 6 shows that the most recent studies develop novel indices using DEA to measure the efficiency of mutual funds. Table 7 presents the geographical distribution of insurance group papers. US, Taiwan and China have the largest number of papers on the application of DEA in the insurance industry. DEA has been applied in several multi-country studies of the BRIC, Islamic and EU countries.
Insurance main path
Most papers on the insurance main path focus on the efficiency of life and non-life, propertyliability insurers. The largest data sample is in the study by Eling and Lugnen (2010) , which examines the efficiency of life and non-life insurance companies in over 36 countries. Three out of eight papers on the path focus on US data, which shows the importance of these studies in the literature. Comparing Tables (7) and (5) shows that very few sophisticated DEA techniques have been applied to measure the efficiency of insurance companies.
Conclusions
DEA research in financial services studies has increased in recent years. The resulting large DEA literature makes it difficult to conduct a general review without resorting to quantitative methodologies.
The availability of data in this field from databases, such as Bank-Scope, especially in the banking domain, has resulted in these data being used to experiment with the newly developed DEA models. In this paper, we surveyed DEA applications in the context of financial services using a quantitative and citations network approach. We identified significant paths, important papers, and innovative methodologies related to the application of DEA in financial services. We identified three main areas of application within the financial services sector -the banking industry, the insurance industry and money market funds. We considered 596 articles from the year 1985 onwards, which, in our view, provides a thorough mapping of the field.
We highlighted the main flow of ideas characterizing analyses of efficiency using DEA. Our examination of individual main routes suggests that there are no obvious methodological preferences for any of the corresponding three areas. Recent innovations in DEA methodologies (network models, slacks based models, directional distance models and Nash bargaining game)
clearly dominate the ends of the routes on the main paths. Geographical analysis of the papers in our sample showed that banking systems are the most frequently studied systems -especially for the US, China, Taiwan, Latin-America, Japan and the Arab countries.
This study has some limitations. The sample was taken from the ISI WoS, which is recognized as the largest citation-based academic database. However, some works dealing with DEA and financial services may not be included in the WoS, which means this study is less comprehensive than ideal.
